] cyt was inhibited upon recovery of chloroplast function in the qua1-4 mutant. Further analysis showed that CAS, a thylakoid-localized calcium sensor, also displayed irregularly stacked grana, and the chloroplasts of the qua1-4 cas-1 double mutant were similar to those of cas-1 plants. In QUA1-overexpressing plants, the protein level of CAS was decreased, and CAS was readily degraded under osmotic stress. When CAS was silenced in the qua1-4 mutant, the large [Ca 2+ ] cyt increase was blocked, and the higher expression of PLC3 and PLC4 was suppressed. Under osmotic stress, the qua1-4 mutant showed an even greater elevation in [Ca 2+ ] cyt and was hypersensitive to drought stress. However, this sensitivity was inhibited when the increase in [Ca 2+ ] cyt was repressed in the qua1-4 mutant. Collectively, our data indicate that QUA1 may function in chloroplast-dependent calcium signaling under salt and drought stresses. Additionally, CAS may function downstream of QUA1 to mediate these processes.
Introduction
Plants utilize the calcium ion (Ca 2+ ) as a versatile second messenger in the regulation of development and responses to environmental cues (Rudd and Franklin-Tong 1999 , Sanders et al. 2002 , Berridge 2005 . In resting cells, the concentration of Ca 2+ in storage compartments, such as the vacuole and apoplast, is usually much higher (>1 mM) compared with the low levels of free cytoplasmic Ca 2+ ([Ca 2+ ] cyt ) ($100 nM). The resulting 10,000-fold difference in Ca 2+ concentration between cytoplasm and non-cytoplasmic compartments enables the generation of calcium signals via rapid changes in levels of cytoplasmic Ca 2+ (Lecourieux et al. 2006 ). Various signals involved in biotic stress, abiotic stress and development are sensed by plant cells and evoke temporal and spatial changes in [Ca 2+ ] cyt (e.g. repetitive oscillations or spikes). As the intensity, duration, amplitude and frequency of these cytoplasmic Ca 2+ elevations are often specifically defined by the nature of the inducing stimulus, these elevations are termed Ca 2+ signatures (Webb et al. 1996 , Dodd et al. 2010 ). In plants, [Ca 2+ ] cyt induction in response to a stimulus usually arises via the influx of Ca 2+ through specific channels, such as glutamate receptor-like channels (GLRs), cyclic nucleotidegated channels (CNGCs) (Wheeler and Brownlee 2008 , Mousavi et al. 2013 , Steinhorst and Kudla 2013 , Gao et al. 2014 , annexin transporters localized at the plasma membrane (Laohavisit et al. 2012) , and two-pore Ca 2+ channels (TPCs) localized at the vacuole (Peiter et al. 2005 , Choi et al. 2014 . The stimulusspecific information conveyed by a Ca 2+ signature can then be sensed and transduced by various Ca 2+ -binding proteins that function as Ca 2+ sensors. These calcium sensors, including Ca 2+ -dependent protein kinases (CDPKs), calmodulin proteins (CaMs) and calcineurin B-like proteins (CBLs), bind to Ca 2+ ions via EF-hand Ca 2+ -binding domains to decode and translate Ca 2+ signatures into specific cellular responses, such as altered phosphorylation and target gene expression (Sanders et al. 2002 , Harper et al. 2004 , Weinl and Kudla 2009 , Batistič and Kudla 2012 .
Chloroplasts act as an important intracellular Ca 2+ store in plant cells (Stael et al. 2011 , Rocha and Vothknecht 2012 , Nomura and Shiina 2014 . Light and pathogen-associated molecular patterns (PAMPs) can evoke long-lasting elevation of the stromal Ca 2+ concentration, suggesting that chloroplasts possess their own calcium signals (Johnson et al. 1995 , Sai and Johnson 2002 , Nomura et al. 2012 . Two envelope proteins, MSL2 and MSL3, which are homologs of the bacterial mechanosensitive channel MscS that has been shown to be a Ca 2+ -permeable channel, are essential for chloroplast osmoregulation (Haswell and Meyerowitz 2006 , Wilson et al. 2011 , Cox et al. 2013 . However, their function in Ca 2+ transport has yet to be investigated. The autoinhibited Ca 2+ -ATPase AtACA1 has been found in the chloroplast envelope, but the Ca 2+ -ATPase activity of this protein has not yet been proven (Huang et al. 1993) . Indeed, the specific expression of AtACA1 in the root and its localization to the tonoplast and/or endoplasmic reticulum (ER) have created controversy with regard to its role in the chloroplast (Malmström et al. 1997 , Dunkley et al. 2006 ). AtHMA1, a putative heavy metal P-type ATPase localized to the chloroplast envelope, exhibits high-affinity Ca 2+ transport activity and is specifically inhibited by an ER Ca 2+ -ATPase inhibitor (Moreno et al. 2008) . The role of ACA1 is also in dispute due to its preferential transport of Cu 2+ and Zn 2+ into or out of chloroplasts (Seigneurin-Berny et al. 2006 , Kim et al. 2009 ). Thus, the molecular mechanisms by which Ca 2+ is transported across the envelope membranes remain largely elusive.
Increasing evidence suggests that chloroplasts have an important role in mediating cytoplasmic Ca 2+ dynamics and signaling. The chloroplast-localized putative ion channel PPF1 can control plant flowering, programmed cell death and senescence by delaying cytoplasmic Ca 2+ elevation (Wang et al. 2003 , Li et al. 2004 , Wang et al. 2008 . Furthermore, CAS, a thylakoid membrane-localized Ca 2+ -sensing receptor, has been shown to play a crucial role in generating increased cytoplasmic Ca 2+ (Nomura et al. 2008 , Weinl et al. 2008 (Allen et al. 2000 , Allen et al. 2001 . In CAS-knockout plants, [Ca 2+ ] ext -induced [Ca 2+ ] cyt elevation and stomatal closure are impaired; in contrast, overexpression of CAS promotes stomatal closure (Nomura et al. 2008 , Weinl et al. 2008 . The methyltransferase CAU1 (calcium underaccumulation 1) mediates stomatal closure and drought tolerance by repressing CAS expression via regulation of the methylation levels of H4R3sme2 in CAS chromatin (Fu et al. 2013) . Overall, these findings suggest that chloroplasts play an important role in cytoplasmic Ca 2+ signaling; nonetheless, the molecular mechanisms underlying this process have yet to be elucidated.
Based on a large-scale forward genetic screen, we herein demonstrate that QUASIMODO1 (QUA1) is a novel chloroplast protein that regulates cytoplasmic Ca 2+ signaling during salt and drought stresses and that CAS may function downstream of QUA1 to mediate these processes.
Results
1290A mutants exhibit greater [Ca 2+ ] cyt elevation under salt stress
To identify factors regulating [Ca 2+ ] cyt elevation, an Arabidopsis ecotype Columbia-0 (Col-0) line constitutively expressing the AEQUORIN (AQ) reporter gene (Knight et al. 1991) was used as the wild type; a T-DNA insertion mutant pool was constructed and studied based on this line (Zhao et al. 2011 , Zhao et al. 2013 . For mutant screening, 10-day-old seedlings were treated with 100 mM NaCl, and luminescence was immediately measured using a cold chargecoupled device (CCD) imaging system. A mutant exhibiting a dramatically greater increase in [Ca 2+ ] cyt compared with the wild type was identified and designated 1290A (Fig. 1A, B) . The [Ca 2+ ] cyt concentration in a single seedling was calculated. Before treatment, both the wild type and mutant showed similar, very low values for [Ca 2+ ] cyt . However, the value for the mutant increased dramatically under NaCl stimulus, with a peak [Ca 2+ ] cyt value as high as 1.2 ± 0.16 mM, compared with 0.6 ± 0.12 mM in the wild type (Fig. 1C) . These results indicate that 1290A participates in the regulation of cytoplasmic Ca 2+ elevation under salt stress.
Genetic analysis of the 1290A mutant and map-based cloning of the 1290A gene Using thermal asymmetric interlaced-PCR (TAIL-PCR), the T-DNA insertion was delineated to a non-coding region, and gene expression in this area was not affected (Supplementary Fig.  S1 ). One possible reason may be loss of the T-DNA insertion during breeding, which would lead to a deletion in the coding region. In contrast to wild-type plants, the 1290A seedlings exhibited a phenotype with numerous cells protruding from the cotyledons and hypocotyls, which could be used as a marker for map-based cloning. After backcrossing the 1290A mutant to Col-0, all F 1 progeny exhibited the same phenotype as the wild type. In the F 2 generation, the segregation of 291 wild-type and 109 1290A mutant seedlings corresponded to the expected ratio of 3 : 1 ( 2 = 1.08, P < 0.05), indicating that 1290A carries a single recessive mutation. To isolate the mutant gene, 1290A was crossed to the ecotype Landsberg erecta (Ler) to generate an F 2 mapping population. Using simple sequence length polymorphism (SSLP) markers, the 1290A locus was mapped to chromosome III, between markers K7P8 and MJL12 (bacterial artificial chromosome clones of The Arabidopsis Information Resource) within approximately 100 kb ( Fig. 2A) . Expression of all 54 genes in this region was examined by real-time PCR (RT-PCR), and that of At3g25140 was found to be reduced (Fig. 2B, C) . Sequencing the genome of At3g25140 revealed a 26 bp deletion in the 5 0 -untranslated region (UTR) of the At3g25140 locus (encoding QUA1) (Fig. 2D) . Thus, the 1290A mutant was re-named qua1-4.
QUA1 encodes a putative membrane-bound glycosyltransferase of family 8 that is important for pectin biosynthesis. Cell walls in mutant seedlings demonstrate a 25% reduction in galacturonic acid (GalA) levels, which leads to reduced cell adhesion and shorter hypocotyls in the dark compared with the wild type. qua1 mutants also exhibit a phenotype involving numerous cells protruding from the cotyledons and hypocotyls (Bouton et al. 2002) . As expected, various defects in leaves (Fig. 3A) and shorter hypocotyls in the dark (Fig. 3B, C) were also observed in qua1-4 mutants. To provide additional support that the complete qua1-4 phenotype can be attributed to QUA1 disruption, a rescue assay using the genome sequence of the At3g25140 locus was performed. The phenotype of the seedlings was successfully restored in the rescue lines (Fig. 3A-C) , and the [Ca 2+ ] cyt level was also recovered to that of the wild type ( Fig. 3D-F ). These data demonstrate that the qua1-4 mutant is a weak allele of the At3g25140 mutant and that the mutation in At3g25140 is responsible for the observed higher [Ca 2+ ] cyt elevation under NaCl stimulus.
QUA1 localizes to thylakoids and participates in thylakoid stacking
Although QUA1 has been identified as a glycosyltransferase important for pectin synthesis, its transferase activity has still ] cyt signaling in 10-day-old WT and 1290A seedlings in response to treatment with 100 mM NaCl (arrow). The data show one representative image from six independent experiments. not been demonstrated, and how QUA1 functions remains unclear. To investigate how QUA1 regulates Ca 2+ signals, the subcellular localization of QUA1 was assessed by transient expression of 35S:QUA1-GFP in Nicotiana benthamiana. The distribution of signal was similar to that identified for the Golgi apparatus and mitochondria (Brugière et al. 2004 , Dunkley et al. 2004 , Dunkley et al. 2006 , and to our surprise, QUA1-green fluorescent protein (GFP) was also localized to chloroplasts (Fig. 4A) . To confirm this result, different cell fractions were isolated from transgenic plants expressing QUA1-FLAG. In addition to the mitochondria and Golgi apparatus, QUA1 could also be detected in chloroplasts with very strong intensity (Fig.  4B ). To verify further that QUA1 is localized to chloroplasts, stroma and thylakoid fractions were isolated, with detection of QUA1 in the thylakoid fraction (Fig. 4B) . These data demonstrate that QUA1 localizes to chloroplast thylakoids.
Next, the function of QUA1 in thylakoids was studied. The ultrastructure of chloroplasts was observed using transmission electron microscopy (TEM). Wild-type leaves displayed typical chloroplasts with normal stacking of thylakoid membranes (Fig. 4C, D) . In contrast, thylakoids in qua1-4 mutant chloroplasts had a variable appearance that consisted of ruffled and irregularly stacked grana (Fig. 4C, D) . These data indicate that QUA1 participates in thylakoid stacking in chloroplasts.
QUA1 functions in chloroplast-dependent calcium signaling under salt stress
Chloroplasts have been shown to play an important role in transient [Ca 2+ ] cyt signals in Arabidopsis. Given that QUA1 localizes to the thylakoids and affects thylakoid stacking, we speculated that QUA1 may regulate calcium signaling through the chloroplasts. TIC40 (translocon at the inner envelope membrane of chloroplasts 40) is a chloroplast-located protein, and it has been reported that the specific chloroplast signal peptide of TIC40 is sufficient to localize a fusion protein exclusively to chloroplasts (Mehlmer et al. 2012) . The fusion protein TIC40-QUA1 (TIC40 signal peptide fused to the N-terminus of QUA1) was expressed in the qua1-4 mutant. Compared with the wildtype QUA1 protein, TIC40-QUA1 was only detected in ] cyt signaling in 10-day-old wild-type, qua1-4, com-1 and com-2 seedlings in response to 100 mM NaCl (arrow). The data show one representative image from six independent experiments. chloroplasts (Fig. 5A) . The grana of qua1-4/TIC40-QUA1 seedlings were identical to those of the wild type (Fig. 5B) , but the phenotypes of protuberances on the leaves and hypocotyl elongation in the dark remained similar to those of the qua1-4 mutant ( Fig. 5C-E) . These results suggest that only the chloroplast function was recovered in the qua1-4/TIC40-QUA1 seedlings. Additionally, the greater increase in [Ca 2+ ] cyt observed in qua1-4 was inhibited to an extremely low level by expression of TIC40-QUA1 (Fig. 5F, G) , indicating that QUA1 may function in chloroplast-dependent calcium signaling under salt stress.
CAS suppresses QUA1-mediated calcium signaling
The thylakoid membrane-associated protein CAS, which has been proposed to be a Ca 2+ sensor, has been shown to play (1) and Col-0 (2) seedlings were used for mitochondrion, Golgi apparatus, chloroplasts and stroma/thylakoid isolation. QUA1 was detected with an anti-FLAG antibody. VDAC, MPK3, GRIP and LHCII were used as mitochondrion, cytoplasm, Golgi apparatus and chloroplast markers, respectively. (C) Chloroplasts and thylakoids in wild-type and qua1-4 mutant seedlings were observed using TEM. Scale bars = 500 nm. (D) The percentages of normal and irregular chloroplasts in wild-type and qua1-4 mutant seedlings were analyzed, n > 300.
an important role in chloroplast-dependent calcium signaling. Thus, it is possible that CAS mediates the chloroplast-dependent calcium signaling regulated by QUA1. First, CAS activity was detected in thylakoids, and the ultrastructure of cas-1 (SALK_070416, a CAS knockout line) mutant chloroplasts was observed by TEM. The cas-1 mutant exhibited granal stacks with a large stromal area between the thylakoid membranes, appearing ruffled and less stacked (Fig. 6A) , and suggesting that CAS is also involved in thylakoid stacking. The thylakoids of the qua1-4 cas-1 double mutant were similar to those of the cas-1 mutant (Fig. 6A) , indicating that CAS may function downstream of QUA1 in thylakoid development. ] cyt elevations in wild-type, qua1-4, qua1-4/TIC40-QUA1-1 and qua1-4/TIC40-QUA1-2 seedlings were measured using a CCD camera after treatment with 100 mM NaCl. (G) Mean luminescence values for single seedlings are shown. The data represent the means ± SD for three independent experiments, with 60 seedlings analyzed in each experiment. Significance was determined using Student's t-test; significant differences (P < 0.05) are indicated by different lower case letters.
Next, the relationship between QUA1and CAS was determined. No interaction of QUA1 with CAS was observed in yeast, and no CAS protein was pulled down by QUA1 in coimmunoprecipitation assays (Supplementary Fig. S2 ). However, in Col/35S:QUA1-FLAG transgenic lines in which QUA1 was overexpressed, the level of CAS protein was decreased (Fig. 6B) . When treated with 300 mM mannitol, expression of the CAS gene was repressed, but no difference was observed in wild-type, qua1-4 or Col/35S:QUA1-FLAG seedlings ( Supplementary Fig. S3 ). After 12 h of mannitol treatment, the protein level of CAS was dramatically decreased in Col/ 35S:QUA1-FLAG seedlings compared with the wild type (Fig. 6C) . These data indicate that although two proteins cannot directly interact, QUA1 could affect the stability of CAS.
To investigate whether CAS can mediate regulation of calcium signaling by QUA1, RNA interference (RNAi) lines with CAS knockdown in the Col-0 and qua1-4 backgrounds were generated. These RNAi lines had significantly reduced levels of CAS (Supplementary Fig. S4 ). Under NaCl treatment, [Ca 2+ ] cyt elevation in Col-0/CAS-RNAi lines was much lower ] cyt elevations in wild-type, qua1-4, Col-0/CAS-RNAi-1, Col-0/CAS-RNAi-2, qua1-4/CAS-RNAi-11 and qua1-4/CAS-RNAi-44 seedlings were measured with a CCD camera after treatment with 100 mM NaCl. (E) Mean luminescence values for single seedlings are shown. The data represent the means ± SD for three independent experiments, with 60 seedlings analyzed in each experiment. Significance was determined using Student's ttest; significant differences (P < 0.05) are indicated by different lower case letters. (F) Expression of PLC3, PLC4, CAX1 and CAX3 in WT, qua1-4, cas-1 and cas-1 qua1-4 plants was detected by RT-PCR. Three independent experiments were performed; data represent the means ± SD.
than that in the wild type (Fig. 6D, E) , indicating the important role of CAS in calcium signaling. The [Ca 2+ ] cyt increase in qua1-4/CAS-RNAi lines was inhibited to a dramatically low level compared with that of the qua1-4 mutants (Fig. 6D, E) . In addition, expression of PLC3 and PLC4, two important genes mediating inositol-1,4,5-trisphosphate (IP3) production, was dramatically decreased in the cas-1 mutant (Fu et al. 2013) . In contrast, expression of these two genes was up-regulated in the qua1-4 mutant, and this increase was repressed in qua1-4/CAS-RNAi lines (Fig. 6F) . Nonetheless, the higher expression of CAX3 was not affected by CAS mutation in the qua1-4 mutant (Fig. 6F) . Taken together, our data suggest that CAS mediates the chloroplast-dependent calcium signaling of QUA1 under salt stress.
QUA1 participates in drought tolerance
In addition to NaCl treatment, osmotic stresses such as sorbitol can also induce a dramatically higher elevation in [Ca 2+ ] cyt in the qua1-4 mutant (Fig. 7A) , indicating that QUA1 may function in drought tolerance. As expected, the water loss rate in qua1-4 was much higher than in the wild type (Fig. 7B) . Under drought stress, leaf temperature can reflect the rate of water transpiration from leaves and, following drought treatment for 5 d, the leaf temperature of qua1-4 seedlings grown in soil was approximately 1.2 C lower than that of the wild type (Fig. 7C,  D) . These results showed that qua1-4 mutant plants were hypersensitive to drought stress.
Next, the function of QUA1 in drought tolerance was studied. b-Glucuronidase (GUS) activity driven by the QUA1 promoter was detected in guard cells (Fig. 7E) , indicating that QUA1 may also function in guard cells, and a stomatal closure assay was performed to test this speculation. Upon exposure to 20 mM ABA, significant stomatal closure was observed in the wild type but not in the qua1-4 mutant (Fig. 7F) . Moreover, qua1-4/TIC40-QUA1 seedlings, in which the increase in [Ca 2+ ] cyt was also partially restored under osmotic stress (Fig. 7G) , showed a lower water loss rate compared with the qua1-4 mutant (Fig. 7H) . All these data suggest that QUA1 participates in drought tolerance by regulating stomatal closure and mediating calcium signaling.
CAS mediates the drought tolerance of QUA1
It has been reported that CAS is hypersensitive to drought stress and functions in calcium-induced stomatal closure. Under drought stress, the cas-1 mutant showed a lower elevation in [Ca 2+ ] cyt , and the in the qua1-4 mutant could be suppressed by a defect in CAS (Fig. 8A) . Additionally, the cas-1 mutant showed a higher water loss rate and lower leaf temperature (Fig. 8B-D) . The qua1-4 cas-1 double mutant showed a lower rate of water loss and a higher leaf temperature compared with the qua1-4 mutant (Fig. 8B-D) ; stomatal closure in the double mutant was also partially restored (Fig. 8E) . When the abnormal [Ca 2+ ] cyt elevation in the qua1-4 mutant was suppressed, the hypersensitivity of qua1-4 to drought stress was also repressed, suggesting that CAS also mediates the drought tolerance of QUA1 through calcium signaling.
Discussion
QUA1 was previously identified as a putative glycosyltransferase that participates in pectin biosynthesis. In this study, we found that QUA1 also plays an important role in calcium signaling and drought tolerance. qua1-4 mutants exhibit dramatically increased [Ca 2+ ] cyt elevation under salt and drought stresses as well as hypersensitivity to drought stress. QUA1 could be detected in chloroplast thylakoids, and qua1-4 mutants exhibits irregularly stacked grana. When chloroplast function is recovered in the qua1-4 mutant, the large increase in [Ca 2+ ] cyt is also inhibited, and the rate of water loss is partially restored, indicating that QUA1 is a novel chloroplast protein that regulates cytoplasmic Ca 2+ signaling. The thylakoids of the qua1-4 cas-1 double mutant are similar to those of the cas-1 mutant. In QUA1-overexpressing plants, expression of CAS does not change, but the protein level and stability under mannitol treatment decrease, indicating that QUA1 could affect CAS at the protein level. The defect in CAS in the qua1-4 mutant represses the increase in [Ca 2+ ] cyt , drought stress sensitivity and stomatal closure. In addition, expression of PLC3 and PLC4, which is regulated by CAS, is upregulated in the qua1-4 mutant, and this elevation could be suppressed by a defect in CAS. Based on these results, we speculate that the two proteins function in the same pathway. Because QUA1 could not directly interact with CAS, we hypothesize the existence of a cofactor that helps QUA1 to regulate the stability of CAS. When the protein level of CAS needs to be down-regulated, QUA1 and the cofactor may function together, with the co-factor interacting with CAS. To prove this hypothesis, our future work will be directed at identifying proteins that interact with QUA1 in the chloroplast using mass spectrometry.
However, the qua1-4 mutant, with higher [Ca 2+ ] cyt elevation under drought stress, has a similar phenotype to cas-1 in drought stress and ABA-induced stomatal closure, which is opposite to what is observed in the cau1 mutant (Fu et al. 2013 ). This may be caused by the multiple roles of QUA1 in regulating calcium signaling and drought stress. First, QUA1 has diverse roles in calcium signaling. The increase in [Ca 2+ ] cyt in qua1-4/TIC40-QUA1 is greater than that in the wild type (Fig. 5F, G) . Additionally, the qua1-4/CAS-RNAi lines exhibit greater [Ca 2+ ] cyt elevation (Fig. 6C, D) than the wild type. These findings indicate that QUA1 may function at sites other than the chloroplasts. Consistent with this conclusion, QUA1 has been identified in mitochondria (Brugière et al. 2004) . Ca 2+ oscillations in mitochondria have also been detected in plants (Logan and Knight 2003 , Loro et al. 2012 , Loro et al. 2013 . Mitochondria have been shown to be involved in cytoplasmic Ca 2+ homeostasis, and disruption of actin filaments (MFs) in root hairs leads to release of Ca 2+ from mitochondria (Wang et al. 2010) . A recent study further demonstrated that mitochondrion-dependent Ca 2+ signaling induced by salt stress is mediated by the actin-related Arp2/3 complex in Arabidopsis. arp2/3 mutants show a hypersensitive phenotype to salt stress and greater [Ca 2+ ] cyt elevation under NaCl treatment. When the mitochondrial permeability transition pore was blocked, increases in [Ca 2+ ] cyt were prevented, and the salt-sensitive phenotype of the arp2 mutant was partially rescued (Zhao et al. 2013) . Previous studies have shown that qua1, arp2 and arp3 mutants have similar phenotypes involving reduced cell adhesion, which may be caused by the defect in MF organization (Mathur et al. 2003 , Mathur, 2005 . Taken together, this evidence suggests that QUA1 may also participate in mitochondrial-dependent Ca 2+ signaling in response to salt stress, as does the ARP2/3 complex. Additionally, the cell wall functions as a major apoplast Ca 2+ store for calcium influx, and the pectin in the cell wall forms a gel matrix via Ca 2+ bonds, resulting in the sequestration of free Ca 2+ (Hepler 2005) . Thus, the defects in pectin synthesis in qua1 mutants may also lead to an abnormal cytoplasmic calcium increase.
On the other hand, the hypersensitivity of the qua1-4 mutant to drought stress is caused by multiple factors. When the abnormal elevation in [Ca 2+ ] cyt in the qua1-4 mutant is suppressed by the defect of CAS, the rate of water loss is still much higher than that in the wild type, indicating that the calcium signaling may simply be part of the whole picture. Reduced cell adhesion on the leaves and hypocotyl caused by a defect in pectin biosynthesis in the cell wall also contributes to the hypersensitive phenotype of qua1-4 under drought ] cyt signaling in 10-day-old wild-type, qua1-4, qua1-4/TIC40-QUA1-1 and qua1-4/TIC40-QUA1-2 seedlings in response to treatment with 600 mM sorbitol (arrow). The data show one representative image from six independent experiments. (H) Water loss rates of 4-week-old wild-type, qua1-4, qua1-4/TIC40-QUA1-1 and qua1-4/TIC40-QUA1-2. The presented values are the means ± SD calculated from three independent experiments, each including data from four seedlings. stress. Meanwhile, although QUA1 participates in stomatal movement though calcium signaling, the defect in MF organization may play a more important role, which leads to the impaired stomatal closure of the qua1-4 mutant under ABA treatment just like cas-1. In the qua1-4 mutant, the expression of the response to drought stress of downstream target genes is also affected (Supplementary Fig. S3 ). All these alterations contribute to the hypersensitive phenotype of qua1-4 under drought stress, which leads to the seeming discrepancy with the calcium signaling.
All these multiple functions are consistent with the extensive localization of QUA1 in the mitochondria, Golgi and chloroplasts. We believe that the discovery of components that mediate the function of QUA1 will help us to understand how QUA1 functions in these different compartments. We have already identified an actin-associated protein and a protein functioning in mitochondrial respiratory chain complex I by mass spectrometry. We hope these findings will help us to better understand QUA1.
Materials and Methods

Plant materials
Arabidopsis thaliana ecotype Col-0 constitutively expressing AQ (Knight et al. 1991 ) was used as the wild type unless stated otherwise. Seedlings were grown on Murashige and Skoog (MS) medium (Sigma-Aldrich) containing 3% (w/v) sucrose and 0.3% (w/v) agar for 9 d. Then, the seedlings were transplanted into soil and placed in a growth room at 23 C with a 16 h light/8 h dark cycle. A T-DNA insertion pool in the wild-type background was used for the [Ca 2+ ] cyt response mutant screen based on a high-throughput screening method (Pan et al. 2012) . Nicotiana benthamiana plants were grown in soil under 16 h light/8 h darkness at 23 C and 60% relative humidity for 3-4 weeks.
[Ca 2+ ] cyt measurements
For luminescence imaging of [Ca 2+ ] cyt , 10-day-old seedlings grown on MS medium were sprayed with coelenterazine solution (10 mM coelenterazine and 0.1% Triton X-100) for reconstitution, which proceeded for a minimum of 5 h at 21 C in the dark before measurements (Knight et al. 1991) . After spraying with 100 mM NaCl in the dark, the plates were immediately placed in the chamber of a CCD camera (Roper Scientific). Photon emissions in the Values are the means ± SD calculated from three independent experiments, each containing data from 30 leaves. Significance was determined by Student's t-test; significant differences (P < 0.05) are indicated by different lower case letters. first 3 min were collected, and the intensities were shown as a color image. The mean luminescence values for single seedlings over a 180 s integration period are shown. For quantitative measurements, [Ca 2+ ] cyt was monitored with a luminometer (GLOMAX; Promega). A single seedling placed in a 1.5 ml tube in the luminometer chamber after pre-treatment was used for the measurement. After adding 100 ml of NaCl solution, the stimulated luminescence counts were recorded at 1 s intervals for 90 s. Any remaining AQ was released by the addition of 200 ml of discharge solution (1 M CaCl 2 and 10% ethanol). [Ca 2+ ] cyt was calculated according to a method described previously (Rentel and Knight 2004) .
Map-based cloning
To identify the gene mutated in line 1290A, the mutant in the Col-0 background was crossed with the ecotype Ler to generate the F 2 generation. Phenotypes of vitreous leaves and cotyledons with numerous protruding cells were used for marker mapping. SSLP markers designed according to The Arabidopsis Information Resource database (http://www.Arabidopsis.org) were used for further mapping of the mutated gene.
RNA extraction, reverse transcription-PCR (RT-PCR) and real-time PCR analysis
Total RNA from 7-day-old seedlings grown on MS medium was extracted using Trizol reagent (Invitrogen). Total RNA treated with RNase-free DNase I (Invitrogen) was used for reverse transcription with M-MLV reverse transcriptase (Promega). The cDNAs were then used for PCR amplification. For RT-PCR, products after 30 cycles were detected using gene-specific primers. ACTIN was included as a loading control. Three replicate experiments were performed. Quantitative RT-PCR was conducted using SYBR Premix Ex Taq (TAKARA). ACTIN was used as an internal control. The value of the wild type without treatment was normalized to 1, with differences calculated as relative expression. The primers used for RT-PCR or RT-PCR are listed in Supplementary  Table S1 .
Plasmid construction and generation of transgenic plants
For the rescue of qua1-4, a 4,708 bp genomic DNA fragment containing the entire 2,135 bp QUA1 coding region, a 1,564 bp upstream sequence and a 1,009 bp downstream sequence was amplified and cloned into the EcoRI and KpnI sites of the binary vector pCAMBIA1300.
To obtain RNAi plants with knockdown of CAS, a 664 bp fragment of CAS cDNA was amplified and cloned into the BamHI/SalI and BglII/XhoI sites of the pUC-RNAi vector to target the gene in both the sense and antisense orientations (Luo et al. 2006) . Finally, the resulting construct was cloned into the pCAMBIA1200-35S vector for plant transformation. Homozygous CAS-RNAi plants were identified and verified to contain a reduced endogenous CAS protein level by Western blot (Supplementary Fig. S4) .
To obtain chloroplast-localized QUA1 protein, a 130 amino acid chloroplast-localized signal peptide of TIC40 was fused with the QUA1 protein at the N-terminus. A 390 bp TIC40 fragment was amplified and cloned into the HindIII/SpelI sites of the pCM1307 vector downstream of the FLAG tags. The QUA1 coding sequence (CDS) fragment was amplified and inserted into the SpelI/KpnI sites just after the TIC40 fragment.
The resulting constructs were introduced into Arabidopsis using Agrobacterium-mediated floral transformation and verified by immunoblot analysis . T 3 transgenic plants were used for analysis. The primers used for plasmid construction are listed in Supplementary  Table S1 .
Hypocotyl elongation assay
For hypocotyl measurement, seeds were planted in MS plates and kept at 4 C in the dark for 3 d. Then the plates were exposed to light for 12 h before being kept in the dark for a further 5 d in growth chambers at 23 C (Lazaro et al. 2015) . Hypocotyls were measured from the root of the seedlings to the base of cotyledons at the indicated time. More than 30 seedlings were measured in each assay, which were repeated three times.
Agrobacterium-mediated transient expression in N. benthamiana
To visualize the localization of QUA1 in plant cells, the Pro35S:1290-GFP construct was introduced into Agrobacterium tumefaciens GV3101 and co-infiltrated into the leaves of N. benthamiana. After a 3 d incubation, the fluorescence was detected using a Leica TCS SP5 confocal laser scanning microscope.
TEM analysis
For TEM observation, Arabidopsis cotyledons from 1-week-old plants grown on MS plates were cut into small pieces and fixed in 2% (v/v) glutaraldehyde in phosphate buffer, pH 7.2, for 20 h at 4 C. After fixation, the tissue was rinsed and post-fixed overnight at 4 C in 1% osmium tetroxide in 0.1 M cacodylate buffer, pH 7.0. After being rinsed, the samples were dehydrated in an ethanol series, infiltrated with a graded series of epoxy resin in epoxy propane, and embedded in Epon 812 resin. Ultrathin sections were stained in uranium acetate followed by lead citrate and viewed with a transmission electron microscope (JEM-1230; 80 kV).
Cell fractionation isolation
For mitochondrion isolation, seedlings (0.5 g) were ground in homogenization buffer (0.4 M mannitol, 1 mM EGTA, 20 mM 2-mercaptoethanol, 50 mM Tricine and 0.1% bovine serum albumin, pH 7.8) on ice. Extracts were filtered and centrifuged at 15,000 Â g for 5 min at 4 C. The supernatant was centrifuged at 16,000 Â g for 15 min at 4 C. After centrifugation, the cytosolic fraction (supernatant) was collected and the mitochondrial fraction (pellet) was resuspended in homogenization buffer.
For Golgi isolation, seedlings were homogenized in an equal volume of homogenization buffer (250 mM sucrose, 25 mM HEPES, pH 7.5, 1 mM EDTA, 1 mM dithiothreitol and protease inhibitor cocktail). The homogenate was centrifuged for 30 min at 2,200 Â g twice to remove unbroken cells, cell wall components and nuclei. The supernatant was used as cytoplasm and centrifuged for 2 h at 4 C at 100,000 Â g in 18% (v/v) iodixanol. Concentrated membranes from the interface were collected and centrifuged for 4 h at 350,000 Â g in 12% (v/v) iodixanol to separate organelles; fractions were collected from the upper part of the gradient for the Golgi apparatus study (Nikolovski et al. 2014) .
For chloroplasts isolation, 4-week-old leaves were ground in grinding buffer (0.35 M sorbitol, 50 mM HEPES/KOH, pH 7.5, 2 mM EDTA, 1 mM MgCl 2 and 1 mM MnCl 2 , with 1 g of sodium ascorbate added immediately before use) on ice. Then, the solution was separated by sucrose gradient centrifugation. The intact chloroplasts were obtained and washed with grinding buffer five times. The intact chloroplast samples were re-pelleted by centrifugation at 2,500 Â g for 5 min at 4 C. The pellet was resuspended in 2 ml of Chloroplast Lysis Buffer (62.5 mM Tris-HCl, pH 7.5, 2 mM MgCl 2 ) and incubated for 15 min on ice with occasional vortexing. The thylakoids were collected by centrifugation in a microfuge at 12,000 Â g for 5 min at 4 C, and the supernatant represented the stromal portion of the chloroplasts.
Thermal imaging
Thermal imaging of drought-stressed plantlets was performed as described previously (Merlot et al. 2002) . In brief, plantlets were first grown under wellwatered conditions (23 C, 70% relative humidity, 12 h of light/12 h of dark) for 4 weeks and then subjected to drought stress for 5 d by withholding water. Thermal images were obtained using a ThermaCAM SC1000 infrared camera (FLIR System). Images were saved and subsequently analyzed using the public domain image analysis program IRWin Reporter (version 5.31).
Water loss and stomatal aperture assays
Wild-type and mutant seedlings were grown for 4 weeks under normal conditions in a growth room with 12 h of light/12 h of dark. For leaf water loss measurements of detached leaves, fully expanded leaves from different seedlings were removed and incubated under the same conditions. Each sample was weighed at the indicated times. The experiment was performed three times, each time consisting of four individual leaves. Water content was expressed as a percentage of fresh weight.
To detect the stomatal closure in response to ABA treatment, rosette leaves of 5-week-old plants were detached and incubated in stomata-opening buffer (containing 50 mM KCl, 10 mM CaCl 2 and 10 mM MES, pH 6.15) in a growth chamber at 23 C under constant illumination. Stomatal apertures were measured after adding 2 mM ABA for 0.5 h. The apertures of 50 stomata were measured in three independent experiments.
GUS staining
The QUA1 promoter (1,572 bp upstream of the start codon) was amplified from wild-type DNA and cloned into the EcoRI and SacI sites of the pCAMBIA1381 vector. The construct was introduced into A. tumefaciens strain GV3101 and transformed into wild-type Arabidopsis plants. GUS staining of the T 2 transgenic lines was performed as described (Zhao et al. 2007 ).
Rosette leaves from 5-week-old pQUA1:GUS transgenic plants were detached and incubated in reaction buffer containing 100 mM sodium phosphate, pH 7.0, 0.1% Triton X-100, 3 mM X-Gluc and 8 mM b-mercaptoethanol. Samples were incubated in the dark for 12 h at 37 C, rinsed with sterile water, and then treated with 100% ethanol at 37 C to extract Chl.
Supplementary data
Supplementary data are available at PCP online.
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